Heterogeneous photocatalysis is a promising technology to treat many industrial wastewaters. To date, this potential has not been proven with wastewaters from agricultural origins, such as swine wastewater. In this work, the photocatalytic degradation of swine wastewater was studied by applying a response surface methodology based on the Box-Behnken design. The interactive effects of the variation of factors such as photocatalyst dosage (X 1 ), wastewater concentration (X 2 ), and irradiation time (X 3 ) were analyzed to identify the optimal operating conditions for COD reduction. A second-order polynomial accurately represented organics degradation with a high adjusted R-squared (0.9666). The main effects of factor X 2 and the quadratic effects of factors X 2 and X 3 were the most significant for COD reduction. The optimal conditions for COD degradation were 1.16 g L À1 for photocatalyst dosage, 1.68% for wastewater concentration, and irradiation time of 9.2 h. These results have been validated in a confirmation experiment and COD removal reached 91.7% (98.1 % predicted). Based on the Langmuir-Hinshelwood model, the reaction rate constant was 3.9Â10 À3 min
Introduction
The meat production industry has expanded rapidly in recent decades with severe implications for public health and the environment. Animal wastes, especially swine wastewater, release gaseous emissions (NH 3 , N 2 O, and CH 4 ) that originate from animal buildings and manure storage [1, 2] . Besides, livestock production is associated with a high-water consumption by accounting for roughly 23 percent of global water use in agriculture [3] ; as a consequence, high amounts of wastewater are generated in intensive swine farms, thus needing an adequate treatment to meet environmental regulations. In particular, swine wastewater (SWW) usually contains high concentrations of organic matter, suspended solids, nitrogen and phosphorus compounds, which can cause water pollution and overfertilization of soils. Also, these effluents are a source of virus and protozoan pathogens, which can cause disease in both animals and humans [4] .
In this context, multiple technologies have been applied to SWW remediation in large farms. Biological methods, either aerobic or anaerobic, are by far the most popular as they are usually economical, practical and offer the possibility of energy recovery. However, these techniques are also time-consuming (high retention times) and very sensitive to process conditions (organic loading rates, ammonia accumulation), which can easily lead to treatment failure. As an alternative, advanced oxidation processes (AOPs) have been gaining interest as new and promising treatment technologies for many industrial wastewaters [5, 6, 7] . Among AOPs, heterogeneous photocatalysis using solid semiconductors as photocatalysts have been widely studied. The underlying mechanism of the photooxidation process is well known and involves the stimulation of the photocatalyst surface by a UV light source (λ ¼ 320-400 nm). This stimulation causes a valence band electron of the semiconductor to be excited to the conduction band surface, and photo-induced holes are generated as a consequence. After a series of photochemical reactions, reactive oxygen species (ROS) such as hydroxyl and superoxide radicals can be produced. The highly oxidizing and non-selective hydroxyl radicals are active for the degradation of pollutants and may lead to the complete mineralization of organic compounds or the formation of biodegradable intermediate compounds [8, 9] .
Titanium dioxide (TiO 2 ) is considered the most effective semiconductor material for the oxidation of organic pollutant molecules due to excellent features such as high photocatalytic efficiency, physical and chemical stability, low cost and low toxicity [10] . Good photocatalytic activities were reported using TiO 2 powders, but recent trends have called for TiO 2 immobilization on various substrates. For example, Sirirerkratana et al. [11] tested the photocatalytic activities of TiO 2 thin films coated on different substrate materials using dye-contaminated wastewater under UV irradiations. Their results showed that the better substrate (transparent glass) and light source (UVC) yielded the highest color removal efficiency (87.86 AE 0.23%) at pH 11. Maleisic-Eleftheriadou et al. [12] used recycled polyethylene terephthalate (PET) as a supporting polymer for commercial TiO 2 immobilization. They investigated the photocatalytic activity of these bio-based TiO 2 composite films under simulated solar irradiation for the degradation of several antibiotics with encouraging results. Indeed, most of the studied antibiotics were almost completely degraded within 2 h of irradiation. Based on this, TiO 2 is still a widely researched photocatalyst especially at a pre-industrial scale where the well-known features of commercial photocatalysts have allowed more in situ experimental studies [13] .
Although TiO 2 is the most commonly reported photocatalyst in the literature, some efforts have been devoted to constructing novel materials with improved photocatalytic activities. In particular, research has focused on overcoming TiO 2 limitations by using several strategies to reduce the fast recombination rate of electron-hole pairs and extend light absorption to the visible part of the spectrum [14] . Among these strategies, the fabrication of heterojunction visible-light photocatalysts has been a popular approach. The reason is that this heterostructure is advantageous to the spatial separation of photo-induced electron-hole pairs, thus enhancing photocatalytic performance [14] . From the literature, some recent studies targeting the degradation of organic contaminants by using different types of heterogeneous junctions are worth mentioning. For example, Li et al. [15] and Wang et al. [16] constructed BP/BiOBr and SnFe 2 O 4 /ZnFe 2 O 4 heterojunctions for the effective toxicity elimination of tetracycline and its intermediates with outstanding performance. The enhanced photocatalyst properties could be attributed to the formation of S-scheme heterojunction which boosted the charge separation ability of the composite photocatalysts. On the basis of Z-scheme heterojunctions, other researchers have developed promising photocatalysts based on copper indium disulfide (CuInS 2 ) [17] and bismuth oxybromide (BiOBr) [18] composites with enhanced visible-light utilization and good photocatalytic features towards the treatment of real pharmaceutical wastewaters. Nevertheless, despite many advances, these photocatalysts are still far away from practical and commercial applications.
Based on the existing literature, photocatalytic technologies have been frequently performed to degrade organic dyes and pharmaceuticals present in wastewater streams [9, 16, 17, 18, 19, 20, 21] ; however, despite some studies, the treatment of dirty wastewaters from agro-industrial origin has been underexplored [6, 22, 23] . Therefore, the novelty of our work lies in the use of heterogeneous photocatalysis to treat organic effluents from swine production. Indeed, to the best of our knowledge, no other research has been conducted that uses SWW. In particular, this study aims to demonstrate that photocatalysis can be integrated within the conventional treatment of wastewaters from agro-industrial origin by using a simple and commercially available photocatalyst such as TiO 2 . In this context, it should be highlighted that the results obtained with this work can provide a basis for research intensification using SWW considering the most recent developments on the topic of photocatalysis. For example, commercial TiO 2 studies can be used to compare the photocatalytic efficiency of novel photocatalytic materials such as the heterojunction photocatalysts briefly discussed above. Considering these ideas, in this work, the degradation of organic pollutants present in SWW was studied under batch mode using SWW-TiO 2 mixtures in aqueous suspension. Response Surface Methodology (RSM) based on Box-Behnken design (BBD) was used to model the photocatalytic process and assess the influence of three operational parameters on COD reduction (Photocatalyst dosage, Wastewater concentration, and Irradiation time). The optimal operating conditions were applied in a confirmation experiment in order to validate the model and demonstrate the possible real application of photocatalytic technology to degrade SWW.
Materials and methods

Source of swine wastewater
The SWW used in this study was sampled from a large intensive swine production farm in Alentejo, Portugal. The farm raises 50,000 pigs per year and operates in a closed cycle, comprising nursing and fattening in a single production unit. The SWW samples (fattening phase) were collected from drainpipes that carried wastewater to the exterior before any treatment was applied and separated into supernatant and bottom sediment through gravity sedimentation. The obtained supernatant containing few suspended solids was homogenized and stored at 4. ; TS, 0.9 AE 0.1%; VS, 67.8 AE 2.3% TS; COD, 13109 AE 600 mg L À1 .
Chemicals and reagents
The powdered photocatalyst used in the experiments was commercial Aeroxide® TiO 2 P25 from Evonik Industries (70 % anatase: 30 % rutile). Due to its complex crystalline microstructure (average particle size of 21 nm) and high surface area of about 50 m 2 g À1 this semiconductor catalyst achieves a high photoactivity [8] . More characterization data of the material can be found elsewhere in the literature [24] . All SWW dilutions were prepared by using Milli-Q water.
Experimental design and photocatalytic experiments
The effect of three independent factors, i.e., Photocatalyst dosage (X 1 ), Wastewater concentration (X 2 ), and Irradiation time (X 3 ), on photocatalysis efficiency was investigated using a three-level BBD. Each selected factor was studied at three levels, low (-1), medium (0), and high (þ1), for a total of 15 experiments (Table 1) . R open-source software with R Commander (Rcmdr) package [25] was used for BBD design and statistical analysis of the experimental data as demonstrated by [26] . Functional relationships between response (Y) and the set of factors (X 1 , X 2 , and X 3 ) were inferred by fitting a second-order polynomial quadratic model of Eq. (1) based on experimental data. Analysis of variance (ANOVA) was used to evaluate the significance of results, and p < 0.05 was considered statistically significant.
Experiments were conducted in batch mode using 200 mL of SWW at various concentrations (3.125 %, 6.250 %, and 9.375 %). After preparation, samples were transferred to 500 mL beakers, and adequate amounts of TiO 2 were added depending on the experimental run (0.5 g
. Before irradiation, each sample was stirred for 40 min, in the dark, to allow TiO 2 to disperse in the solution. The photocatalytic reaction was started by placing the samples under irradiation using a 125 W mercury vapor lamp (OSRAM HQL 125) as a radiation source. The mercury vapor lamp has enhanced emission in the low wavelength area covering UV (367 nm) and visible light (406, 438, 548 and 580 nm) intense lines [27] (Figure 1 ). UV radiation was collimated by using a light fixture (SBP Jolly 2/S 400 94) to assure the same radiation intensity was received by the samples (Figure 2 ). The distance from the lamp to the center of the beakers was 50 cm. Irradiation measurements were carried out at these conditions (10-15 W m
À2
) using a radiometer (Acadus 85-PLS) with a measuring peak at 330 nm (75%), and a response range between 290 and 370 nm. The lamp was turned on for at least 45 min before experiments to ensure constant radiation output. After the desired experiment time (0, 6, 9, and 12 h), samples were centrifuged for 10 min at 10000 rpm, in the dark, and immediately analyzed for COD. Photodegradation experiments also had a comparative ''blank experiment'' with no TiO 2 added so that photolytic degradation could be assessed.
TiO 2 reusability
Structural changes in Aeroxide® TiO 2 photocatalyst were examined using FTIR spectroscopy. After each run, the photocatalyst was separated from the SWW solution through centrifugation, washed thoroughly with deionized water and dried at 60 C. FTIR spectra were obtained as a mean of 64 scans collected at a resolution of 32 cm À1 by using an ATR-FTIR spectrometer (Thermo Scientific Nicolet iS10) in the wavenumber range from 4000-400 cm
À1
. Powdered photocatalyst samples were placed on the ATR crystal and compressed by using a flat axial screw for analysis.
Analytical methods
TS were determined gravimetrically after drying the samples for at least 24 h at 105 C. VS were analyzed by loss on ignition at 550 C for 2 h. The pH, conductivity, and TDS were measured by using a pH/conductivity/TDS meter (Hanna Instruments HI 9180). Total COD measurements were performed according to the closed reflux colorimetric method (5220 D) [28] . Appropriate amounts of SWW sample, digestion solution containing potassium dichromate and sulfuric acid reagent were introduced into digestion vials and kept at 150 C for 2 h in a COD digestion unit (Aqualytic AL32). After cooling to room temperature, absorbance was measured for all samples using a UV-vis spectrophotometer at 600 nm (Turner, Model 690). Potassium hydrogen phthalate (Sigma-Aldrich) standard solutions were used to prepare a COD calibration curve in the range of 0 and 1000 mg L
À1
. The efficiency of COD degradation was calculated via Eq. (1), where COD 0 and COD are the initial and remaining COD concentrations, respectively.
3. Results and discussion
Statistical analysis and modeling
SWW was treated by TiO 2 photocatalysis under different conditions according to RSM. Statistical-based designs such as BBD are often used to understand complex systems such as wastewater degradation by allowing the simultaneous analysis of several factors and their interaction with a reasonable number of experiments [29] . Moreover, these methods also enable the generation of mathematical models that can be used to predict the response of the treatment process. Based on this, the second-order polynomial represented in Eq. (2) . was fitted to the experimental values presented in Table 2 to infer the combined effects of the three factors studied. The model yields the efficiency of COD degradation (%) as a function of Photocatalyst dosage (X 1 ), Wastewater concentration (X 2 ), and Irradiation time (X 3 ). 
The equation indicates that the main effects of factor X 2 (Wastewater concentration) and the quadratic effects of X 2 and X 3 (Irradiation Time) were the most significant for COD reduction (p < 0.05). Factor X 1 may be significant (p ¼ 0.054) but is less critical, while the remaining factor interactions and quadratic effects of X 1 have no significant effect on the treatment process (p > 0.05). ANOVA was used to determine the fit of the modeling procedure (Table 3) . According to the analysis, the polynomial model was eligible to represent the actual relationship between the response (COD reduction) and the variables, with small p-value (0.000842), high adjusted R-squared (0.9478) and insignificant lack of fit (0.21). , root mean square (RMSE) and mean absolute error (MAE) are also shown in the figure and suggest the good predictive capability of the model.
Effect of variables on COD removal
During the photochemical degradation of SWW, pollutant removal may proceed primarily due to organics oxidation at the TiO 2 surface utilizing hydroxyl radicals formed from the reaction between photogenerated holes and adsorbed water. The mechanism of generation of these strong oxidants is described in the following equations [8, 30, 31] :
Photon absorption with sufficient energy promotes an electron from the valence band (VB) to the conduction band (CB), thus leading to the formation of an electron/hole pair
Oxidation of the water present in the medium by the hole produced in the VB, thus forming OH
Reduction of oxygen by the electron promoted to the CB, thus forming superoxide radicals
The formed OH attacks organics, thus degrading these compounds into carbon dioxide and water
In practice, organic pollutants are required to mass transfer from the bulk solution into the TiO 2 surface where they are adsorbed and Figure 1 . The emission spectrum of OSRAM HQL 125 W mercury vapor lamp used in the study. Reproduced with permission from [27] . Copyright Elsevier.
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Heliyon 6 (2020) e03293 photocatalyzed into products. Desorption then occurs, and the formed intermediates transfer from the interface region to the bulk liquid [32] . A preliminary analysis of the results reveals that the highest and lowest COD removals were achieved by runs 1 and 2, respectively, where 85.6% and 41.5% of COD was removed under different factor levels. As a comparison, for example, photolytic degradation (no TiO 2 added) only yielded 4% COD reduction, thus proving that photocatalyst addition enables the removal of pollutants. The 3D response surfaces in Figures 4,   5 , and 6 provide additional insights concerning the variation and interaction between the factors studied; their analysis is provided in the following sections.
Effect of photocatalyst dosage
Figures 4 and 5 are of interest to understand the effect of added photocatalyst dosage on the degradation of SWW as measured by COD. The efficiency of degradation increased with an increase in photocatalyst concentration. For all treatment conditions, the treatment with 1.5 g L
À1
of TiO 2 under the artificial radiation of a 125W mercury lamp was more efficient than lower TiO 2 dosages (0.5 and 1.0 g L
). These results are probably due to the higher amount of hydroxyl radicals formed at higher photocatalyst dosages. In fact, as the number of active sites available increases due to more photo-generated electron-holes, the higher the oxidants produced, which results in increasing removal efficiency [31, 33] . On the other hand, issues with light penetration at higher catalyst dosages have been reported. These difficulties mean that higher levels of TiO 2 in suspension may hinder the treatment as the photo-activated volume of the semiconductor suspensions becomes smaller [9] . However, for the factor levels used in the present study, this effect was not observed, i.e., the optimal photocatalyst dosage was not exceeded. Figures 5 and 6 show the interaction between wastewater concentration and the remaining factors. As can be seen in both figures, COD reduction is highly dependent on wastewater concentration, which means that the highest level for this factor led to a more efficient treatment. In particular, results suggest that wastewater concentrations above 3.125% may cause photocatalytic efficiency to decrease due to lower light transmission or penetration [6] . Moreover, these effects can also be rationalized in terms of the abundance of organic molecules in less diluted solutions (higher initial COD) as compared to the concentration of oxidant species formed during the photocatalytic process. This high concentration of organic compounds may lead to the deactivation of active sites in the photocatalyst due to the slow diffusion of intermediates (catalyst surface saturation) [34] , as also suggested by the FTIR spectra of recovered photocatalyst particles (see also section 3.4).
Effect of wastewater concentration
Effect of irradiation time
Figures 4 and 6 represent the interaction between irradiation time and the other factors included in the experimental design. The progress of time under irradiation generally led to higher organics degradation; however, the photocatalytic process was less efficient after 9 h probably due to the slow reaction of more complex organic compounds with OH À radicals and the short life-time of the photocatalyst because of active sites deactivation [9] .
Optimal conditions and kinetics study
RSM can estimate the combination of factor levels which result in the highest percentage of COD degradation. Using the ridge analysis function in the RSM package of R software, the optimal conditions for COD reduction (98.1 %) were found to be a photocatalyst dosage of 1.16 g L À1 ,
wastewater concentration of 1.68 % and an irradiation time of 9.2 h. Under these optimal conditions, 91.7 % COD removal was obtained in a validation experiment, which is in good agreement with the response predicted by the model. A kinetic analysis was also developed by monitoring COD decay as a function of irradiation time. Photodegradation of swine wastewater was found to fit well with the Langmuir-Hinshelwood (L-H) model and also confirms previous findings that the photocatalytic degradation of organic pollutants generally follows the L-H kinetics [11, 20, 23, 35, 36] . Assuming a first-order reaction, the L-H model can be simplified into the following equation:
where C 0 and C T (mg.L
À1
) are the initial and remaining COD in SWW, respectively, t (min) is the irradiation time, and k app (min
) is the pseudo-first-order constant which corresponds to the degradation rate of the studied photocatalytic system. Figure 7 shows the COD removal from SWW as a function of time at optimized conditions. The inset of Figure 7 confirms the first-order kinetics of the photodegradation reaction and allows to determine the pseudo-first-order kinetic constant (k app ) for the experiment. The photocatalytic reaction rate was found to be 3.9Â10 À3 min À1 , which is in good agreement with the findings of Subramonian et al. [23] . These authors studied the kinetics of photodegradation of pulp and paper mill wastewater by using several photocatalysts, including Aeroxide® TiO 2 P25.
TiO 2 reusability
Photocatalyst samples recovered from experiments were analyzed by FTIR and compared with pure Aeroxide® TiO 2 P25 to provide some insights on the reusability of the catalyst after treatment. The spectra presented in Figure 8 infers some structural changes in the catalysts, which may be attributed to the photocatalytic process. As inset, the spectra of untreated SWW is also shown for comparison. Peaks at 3300 cm À1 and 2927 cm À1 could be attributed to -NH 2 or -OH compounds and to the stretching vibration of C-H bond, respectively, and probably relate either to OH bending vibrations of absorbed water molecules or peptides, polyalcohols, and carbohydrates present in the wastewater [37] . Other peaks signals can also be identified in the regions near 1645 cm À1 and 1540 cm À1 , which may reflect asymmetrical vibrations of COO À and symmetrical vibrations of NH þ bonds. Both are characteristic of peptides and proteins which are usually present in wastewaters from animal origin but may also be ascribed to surface hydroxyls on the TiO 2 particles [37, 38] . Bands near 1056 cm À1 may, in turn, be attributed to the C-O-C stretching of polysaccharides [37, 39] . Finally, the broad peak in the range of 750-600 cm À1 has been attributed to the stretching vibration of Ti-O and is observed in all catalyst samples while being absent in the raw wastewater [38] . Peak signals are slightly reduced for the photocatalysts recovered from solutions with low wastewater concentration (3.125 %, and 6.45%), thus suggesting that catalyst reusability is possible; however, that may not be the case for the SWW solution with the higher initial COD (9.375%).
Conclusions
In this study, the treatability of SWW by photocatalytic degradation was tested over suspended Aeroxide® TiO 2 particles irradiated by artificial light and proved successful. RSM and BBD statistical techniques were adequately applied for the optimization of the operational parameters relevant to the process. The effects of photocatalyst dosage (X 1 ), wastewater concentration (X 2 ), and irradiation time (X 3 ) were studied by fitting a second-order polynomial and found to influence COD removal. The single effects of X 2 were negative and the most significant, while the effects of X 1 and X 3 were positive but considered less relevant. The quadratic effects of X 2 and X 3 were also crucial for COD reduction. ANOVA showed that the proposed model is acceptable with an adjusted R 2 ¼ 0.9666. Based on the modeling, the optimal conditions for COD removal were a photocatalyst dosage of 1.16 g L
À1
, a wastewater concentration of 1.68% and an irradiation time of 9.2 h. These conditions enabled a 91.7 % COD removal in a confirmation experiment. The kinetic analysis of the photodecomposition of SWW showed that COD decay fitted well the pseudo-first-order according to Langmuir-Hinshelwood model (reaction rate constant of 3.9Â10 À3 min À1 ). Furthermore, FTIR analysis indicated that Aeroxide® TiO 2 was chemically stable after experiments and that catalyst reuse is possible for low wastewater concentrations. The results demonstrate that heterogeneous photocatalysis by using commercial TiO 2 as the photocatalyst may be a possible technology for the integrated treatment of industrial effluents that result from swine production, especially as post-treatment or as a polishing step due to the need for wastewater dilution. Future work to clarify the main active species and degradation products involved in the photooxidation of SWW, as well as more experiments with novel photocatalysts, would help photocatalytic technology to be implemented in practice.
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